previous publications. Direct involvement of the glycerol repressor, GlpR, and the cAMP receptor protein, Crp, in the regulation of transposon-mediated directed mutation has been demonstrated.
1997; Sondej et al., 1999] . Evidence is also available showing that substrate binding to at least some of these target proteins enhances their affinities for IIA Glc [Osumi and Saier, 1982; Saier et al., 1983] . Although the PTS-mediated regulation of cyclic (c)AMP synthesis (catabolite repression) is not as well defined from a mechanistic standpoint, allosteric activation of adenylate cyclase by phospho-IIA Glc appears to be involved ( fig. 1 ) [Park et al., 2006] . We now report that the general process of PTS-catalyzed protein phosphorylation-dephosphorylation is important to the regulation of transposon-mediated directed mutation, specifically, upstream of the glpFK operon, essential for the utilization of glycerol. This short review summarizes the first evidence that the PTS can influence the mutation rate in a directed fashion [Saier and Zhang, 2014] .
Darwin and Lamarck
Charles Darwin is frequently considered to be the greatest biologist who ever lived [Trevors and Saier, 2011] . This is because he recognized and provided extensive evidence for the fact that all living organisms on Earth arose in an evolutionary process, accounting for their similarities, differences and relatedness (the Third Law of Biology) [Trevors and Saier, 2011] . However, 65 years before Darwin, the French naturalist, Jean Baptiste Pierre Antoine de Monet Chevalier de la Marck (Lamarck) had been a proponent of the idea that living organisms arose in an evolutionary process according to natural laws. He developed the first theory of inheritance of acquired characteristics which became known as 'soft inheritance' or 'Lamarckism'. He believed in a 'complexifying force' driven by physiological need and the use (or disuse) of phenotypic characteristics [Burkhardt, 2013; Corsi, 2009] . In brief, he suggested that a giraffe acquired its long neck or an elephant acquired its long nose because it stretched and used the relevant organ for purposes that facilitated survival. Due to this proposal, which was very reasonable at his time, and perhaps at some level today as well, people ridiculed Lamarck as illustrated in figure 2 .
The Proposal of Directed Mutation
John Cairns at Harvard University [Cairns et al., 1988] and Barry Hall at the University of Rochester [Hall, 1991] proposed and argued in favor of the concept of directed mutation. They suggested that organisms could respond to environmental stresses by reorganizing or changing their genes in a purposeful fashion. In other words, such mutations would occur with higher frequency if they relieved the stress that caused them. Thus, if a population is repeatedly subjected to cyclic and predictable environmental shifts, there can sometimes be selection for mutational mechanisms that increase the probability of mutational changes under certain well-defined physiological conditions. There is good evidence for such a mechanism as a result of microsatellite mutational analyses in some bacteria . However, evolution can take other directions; for example, the evolution of phenotypic plasticity may take more time and may not be advantageous in bacteria that have physiological limits to what they can do and still survive in a competitive situation [Field et al., 1999] . Contingency loci have acquired the ability to evolve rapidly if the environment changes in a predictable way . The evolution of highly specific hypermutation and recombination mechanisms in the adaptive immune system is another example of how the structure of the genome can evolve to meet challenges that vary in a predictable way [Kato et al., 2012; Keim et al., 2013; Orthwein and Di Noia, 2012] .
If the proposal of directed mutation were to be verified, it could shift the course of evolution in a nonrandom and accelerated way. However, it goes against the dogma of our time, which states that mutations occur randomly and that the advantageous mutations are selected only after they arise, a concept that is in detail now known to be inaccurate [Caporale and Doyle, 2013; Galhardo et al., 2007] . The notion of directed mutation has been highly controversial and is not generally accepted in the scientific community, even today [Roth et al., 2006; Saier, 2011; Saier, 2009a, 2011] .
Transposons
Transposons are 'jumping genes', DNA elements that move autonomously to distal locations on a chromosome or plasmid. They were discovered in 1949 by Barbara McClintock while studying pigment variegation in corn seed kernels [Fedoroff, 2012; Ravindran, 2012] . These 'hopping' or transposition events gave rise to unstable mutations that occurred at high frequencies, much higher than normal mutation rates [Bennett, 2004] . Transposons have been identified in virtually all living organisms. Bacterial insertion sequence (IS) elements are the smallest transposons known [Siguier et al., 2006] . These small genomic elements have the potential to activate the expression of 'silent' operons, thus allowing the metabolism of compounds that otherwise could not be used as nutrients [Georgiev and Lambadjieva, 1981; Reynolds et al., 1986; Schnetz and Rak, 1992] . It is interesting to note that in humans over 30% of the chromosomal DNA is derived from (retro)transposons [Huang et al., 2012] . It seems likely that they serve useful purposes that are currently unrecognized.
How do IS elements function? They usually recognize and insert into specific target sites in the host DNA ( fig. 3 ) [Craig, 1997] . The transposition event can be regulated by processes involving frameshifting, antisense RNA, or DNA methylation [Nagy and Chandler, 2004] . It can occur either by a replicative mechanism, in which case a new identical element, which 'hops', is synthesized, giving rise to an increase in its number by one, or by a nonreplicative mechanism, in which case the element is cleaved out of its original site and transferred elsewhere. Transposon hopping can inactivate a gene or activate the expression of an operon [Craig, 1997; Reynolds et al., 1981 Reynolds et al., , 1986 Schnetz and Rak, 1992] . IS5, the transposon of interest in the studies described below, encodes a transposase, the enzyme that catalyzes the transposition event, the Ins5A Fig. 2 . Caricature of Lamarck, showing his face replacing that of a giraffe. It refers to the idea that because the giraffe repeatedly tried to stretch its neck to reach the leaves of a tree, its neck, and those of its offspring, became permanently longer. Such inheritance has been termed 'Lamarckian inheritance' and implies that evolutionary change is directed by need. Only the level at which or the mechanism by which this occurs distinguishes the proposals now attributed to Lamarck and Darwin. This figure was reproduced with permission by Chris Madden.
protein ( fig. 3 ) [Umenhoffer et al., 2010] . However, downstream of the Ins5A structural gene in the DNA of IS5 are: (a) a binding site for the nucleoid protein, IHF, and (b) a permanent DNA bend (see fig. 3 ) [Zhang and Saier, 2009b] . These two sites, in combination, prove to be essential for IS5-mediated activation of the glpFK operon [Zhang and Saier, 2009b] .
The glp Regulon of E. coli
The glpFK operon, one of five operons in the glycerol (glp) regulon, is essential for growth on glycerol. It encodes the glycerol facilitator (GlpF), which facilitates the uptake of glycerol from the medium, and glycerol kinase (GlpK), which phosphorylates glycerol with ATP to yield glycerol-3-phosphate, the inducer of the glp regulon [Holtman et al., 2001; Mao et al., 1999] . The glpD gene, encoding glycerol-3-phosphate dehydrogenase (GlpD), completes glycerol-specific metabolism under aerobic conditions, yielding dihydroxyacetone-phosphate that feeds directly into glycolysis [Fraser and Yamazaki, 1980; Ormo et al., 1998 ]. The glycerol repressor (GlpR), which controls expression of the five operons of the glp regulon, is encoded by a gene (glpR) that maps elsewhere on the E. coli chromosome.
The glpFK Operon
The control region of the glpFK promoter region is shown in figure 4 . There are four binding sites (operators) for GlpR (O1-O4) and two for the cAMP receptor protein, Crp, CrpI and CrpII. The -35 hexanucleotide sequence of the promoter overlaps O3 and CrpII, while the -10 promoter hexanucleotide sequence overlaps O4 ( fig. 4 ) [Zhang and Saier, 2009a] . GlpR, in the free form, without glycerol-3-phosphate bound to it, binds its operators to repress glpFK operon expression, while Crp, in the cAMP-bound form, binds its two sites, Crp I and Crp II, to activate glpFK operon expression. Thus, GlpR negatively regulates glpFK expression, while Crp with bound cAMP positively regulates expression.
Due to the dependency of glpFK operon expression on the cAMP-Crp complex, crp -or cya -(adenylate cyclase) mutants cannot utilize glycerol. Wild-type cells that can make cAMP and have Crp can grow on glycerol, but not in the presence of a nonmetabolizable glucose analogue such as 2-deoxyglucose (2DG) or α-methylglucoside (αMG) which inhibits GlpK and Cya activities. The directed mutational event described below allows the bacterium to overcome the inhibitory effect of a nonmetabolizable sugar analogue.
Evidence for Directed Mutation of the glpFK Operon
When crp or cya mutant cells are plated on minimal glycerol plates, or when wild-type cells are plated on the same plates containing 2DG or αMG, IS5 insertion mutations arise after a lag period during which the cells are starving Saier, 2009a, 2014] . Starvation in the presence of glycerol activates the hopping of IS5 to the glpFK -activating site, and insertion of IS5 relieves this stress [Zhang and Saier, 2009a] . How this activation occurs has been the subject of extensive studies [Saier and Zhang, 2014] , and numerous control experiments have led to the conclusion that this activation event is specific for this one insertional site in front of the glpFK promoter [Zhang and Saier, 2009a, b] . This specificity could have been selected for by currently recognized mechanisms of Darwinian evolution.
By knocking out the glpR gene, encoding the glycerol repressor, it could be shown that this protein, when bound to the DNA, inhibits the activational insertion of IS5 by about 10-fold in the absence of glycerol. Additionally, the presence of glycerol in the medium of wild-type cells allows the generation of glycerol-3-phosphate in the cytoplasm. This is responsible for a 10-fold increase in mutation rate, and this effect is mediated by GlpR. This conclusion was confirmed by the overexpression of glpR , which greatly depressed the glp + mutation rate when glycerol was absent, but not when it was present [Zhang and Saier, 2009a] . Thus, in the presence of exogenous glycerol, cells possessing an intact glpR gene showed a high mutation rate, although this high rate was constitutively observed without glycerol in cells lacking GlpR. These results led to the conclusion that GlpR mediates the activating effect of glycerol on the insertion of IS5 into the glpFK-activating site. It should be noted that wild-type cells evolved the GlpR-mediated mechanisms of directed mutations, and that the behavior of glpR and crp mutants (see below), while revealing the mechanistic details of the regulatory process, is not relevant to wildtype cell physiology. This behavior merely reflects the mechanisms of mutational control in the wild-type cells. In a population of E. coli cells in nature, crp and glpR mutants are not expected to be present because loss of Crp and/or GlpR decreases the ability of the cells to compete with wild-type cells under most conditions.
Independent Involvement of GlpR in Transcriptional Regulation and Directed Mutation
As noted above, cytoplasmic glycerol-3-phosphate activates transcription of the glpFK operon as well as IS5 insertion into the glpFK-activating site, and these two effects are both mediated by GlpR. We considered the possibility that one was a consequence of the other. Since GlpR binds to four operators, O1-O4, in the glpFK control region, we wondered which of these play roles in the two events. Consequently, O1 (the upstream operator) and O4 (the downstream operator; see fig. 4 ) were separately mutated (by site-specific mutagenesis) and the consequent phenotypes were characterized. Mutating O1, so that this site could not bind GlpR, had little effect on transcriptional regulation of glpFK expression by GlpR, but mutating O4 gave rise to expressional activation in the absence of glycerol to a high constitutive level. Thus, O4 but not O1 primarily controls transcription [Zhang and Saier, 2009a] . By contrast, mutating O1 had a dramatic effect on the IS5-mediated mutation rate, although mutating O4 had a minimal effect [Zhang and Saier, 2009a] . It was therefore clear that the IS5-mediated mutation rate is independent of the glpFK expression level. The two processes are regulated independently of each other, even 231 though both are controlled by GlpR. Possibly O1 evolved to control IS5-mediated glpFK activation while O4 evolved to control glpFK transcriptional expression in response to the availability of exogenous glycerol.
Involvement of the cAMP-Crp Complex in Directed Mutation
As noted above, IS5-mediated glpFK -activating insertions could be demonstrated in either crp or cya mutants in a variety of liquid or solid media with highest rates occurring in the presence of glycerol, but with low to negligible concentrations of the cAMP-Crp complex. The behavior of the crp and cya mutants reflects the mechanism by which the hopping of IS5 in the glpFK -activating site is regulated by the cAMP-Crp complex. These mutants, because of their reduced growth rates, are not found in nature. The suppression of IS5 hopping to the activating site by the cAMP-Crp complex proved to depend on the two Crp binding sites in the glpFK control region ( fig. 4 ) . Furthermore, it could be shown that glucose, which strongly inhibits this specific insertional event, did not suppress hopping of IS5 to the glpFK -activating site by a mechanism dependent on the cAMP-Crp complex [Saier and Zhang, 2014] . Our studies clearly showed that glucose exerts its effect on IS5 insertion into the upstream glpFK site independently of Crp, Cya and GlpR. However, the mechanism of glucose control is not yet understood.
What were the conditions under which this directed mutational mechanism might have evolved in wild-type E. coli precursor cells? This question led to the possibility that it evolved to allow glycerol utilization when growth was inhibited by the presence of a bacteriostatic compound such as a sugar analogue (e.g. 2-deoxy-glucose; see fig. 5 ), that is known to inhibit both adenylate cyclase and glycerol kinase (see fig. 1 ) [Saier and Zhang, 2014] . Since the process of IS5 hopping is fully reversible [Zhang and Saier, 2011] , this process could be of evolutionary significance. We suggest that the first GlpR binding site (O1) and the tetranucleotide IS5 insertion site upstream of the glpFK promoter evolved to allow control over this IS5 insertional event. 
Concluding Remarks
A model that provides an explanation for the findings summarized in this short review is shown in figure 6 . Binding of either GlpR or the cAMP-Crp complex to the glpFK control region inhibits IS5 insertion into the upstream site, even though GlpR represses while the cAMPCrp complex activates transcription. It is not currently known if the inhibitory effects of GlpR and Crp binding to the DNA on IS5 insertion occurs by an allosteric mechanism involving competitive binding of these proteins with the transposase, or if a signal is transmitted through the DNA from the Crp and GlpR binding sites to the IS5 insertion site. Regardless, since the PTS directly regulates glycerol kinase (GlpK), which makes the inducer glycerol-3-phosphate, and adenylate cyclase (Cya), which makes cAMP ( fig. 1 ) , it seems likely that one of the regulatory roles of the PTS is to control IS5 insertion into the specific site upstream of the glpFK promoter that specifically enhances the strength of this promoter [Saier and Zhang, 2014] . Thus, the PTS indirectly regulates the directed mutational process that allows the bacteria to overcome the bacteriostatic effects of nonmetabolizable sugar analogues when E. coli is exposed to glycerol as a primary source of carbon and energy. Since nonmetabolizable sugar analogues are prevalent in nature [He et al., 2002; Kumar et al., 2013; Moller, 2010; Xi et al., 2014] , this mechanism of directed mutation could have appeared in an evolutionary process. It is possible that transposonmediated directed mutation evolved by the introduction of a tetranucleotide IS targeting site as well as the O1 GlpR operator, upstream of the glpFK promoter. Alternatively, both the transposon and the regions of the genome which IS5 targets could have coevolved in response to a predictably fluctuating environment. Thus, the probability of a beneficial mutation would be increased. Since directed mutation is of obvious benefit to the organism, it is reasonable to conclude that it evolved in response to natural selection.
An important condition for the evolution of this proposed mechanism of directed mutation is that the bacteria must have repeatedly faced a situation in the past in which glycerol utilization is blocked by the presence of nonmetabolizable PTS sugar analogues. It is intriguing that this process of acquiring phenotypic plasticity allows an E. coli population to make this switch as soon as the environment changes. Perhaps this is because the metabolic cost of maintaining such a capability is minimal compared to the price of entire population extinction. Bacteria can survive catastrophic environmental changes that kill most of the cells in the population much more readily than complex higher organisms can. They may be able to survive the cost of waiting for a directed mutation to happen. We thus recognize the potential for the synthesis of ideas attributed to Lamarck and Darwin, although directed mutation, a concept consistent with the Lamarckian postulates, can be considered to be the result of straightforward Darwinian selection.
